Two experiments were conducted to develop a simplified dose-response technique to estimate the Lys requirement of individual, meal-fed growing pigs. In Exp. 1, we studied adaptation processes that occur during such a dose-response study in meal-fed pigs, and in Exp. 2, we studied the accuracy of this simplified technique to estimate changes in Lys requirement estimates of pigs following changes in energy intake. In Exp. 1, the effect of the Lys supply strategy on the Lys requirement was assessed in 14 barrows fed an increasing [low to high (LH)] or decreasing [high to low (HL)] total Lys supply, with total Lys levels varying from 0.36 to 1.06 g/ MJ DE in 7 equidistant steps of 4 d each. Urinary urea and ammonia excretion and whole body N turnover were measured. In Exp. 2, the accuracy of the dose-response technique to determine a shift in Lys requirement was assessed in 20 barrows fed at either 2.2 [low energy (LE)] or 2.7 [high energy (HE)] times the energy requirements for maintenance, with total Lys supply decreasing from 1.10 to 0.37 g Lys/MJ DE in 9 equidistant steps of 3 d each. In Exp. 1, a lower increment in protein synthesis, breakdown, and whole body N turnover with increasing dietary Lys supply was observed in LH pigs than HL pigs (P < 0.01) and the estimated Lys requirement was 0.06 g/ MJ DE greater (P = 0.01) in LH pigs than HL pigs. These results indicated that pigs at a decreasing Lys supply strategy require less time for metabolic adaptation to a change in Lys supply than those at an increasing Lys supply. In Exp. 2, the estimated Lys requirement was 2.6 g/d greater (P < 0.001) in HE pigs than LE pigs. The variation in AA requirement estimates between individual pigs was low (4.9% in LH pigs and 3.0% in HL pigs in Exp. 1 and 8.1% in LE pigs and 6.0% in HE pigs in Exp. 2). The present studies indicated that a dose-response technique with a decreasing Lys supply in time and a step length of 3 d with urinary N excretion as response criteria provides a simple, accurate technique to quantitatively estimate a change in AA requirements of individual meal-fed pigs.
conditions of 2 to 3 daily feedings. A random order of AA supply levels has been applied to each subject in IAAO studies (Bertolo et al., 2005; Moehn et al., 2008) whereas others have applied an increased supply over time (Heger et al., 2008 (Heger et al., , 2009 . Das and Waterlow (1974) found that 6 enzymes involved in the urea cycle adapted without lag time to a reduction in dietary protein level from 230 to 50 g/kg whereas a lag time of 6 h was observed to adapt to an increase in dietary protein level from 50 to 230 g/kg. This indicates that the direction of change in protein or AA supply can influence the adaptation process to the change. We hypothesize that the rate of adaptation of protein metabolism to changes in AA supply is affected by the order in which graded AA levels are tested (an increasing or a decreasing supply strategy) and, as a consequence, influences AA requirement estimates.
The aim of the present studies was to develop a simplified dose-response technique, with urinary response variables, to estimate the Lys requirement of individual, meal-fed growing pigs. The objective of Exp. 1 was to determine the effect of the Lys supply strategy (increasing vs. decreasing) on the rate of adaptation of protein turnover and on Lys requirement estimates of individual pigs. The objective of Exp. 2 was to assess the accuracy of the dose-response technique for determining a shift in AA requirements of individual pigs.
MAtErIAlS AND MEtHODS
The experiments were approved by the Animal Experimental Committees of Wageningen University (Exp. 1) and Wageningen UR Livestock Research (Exp. 2).
Animals and Treatments
In Exp. 1, 14 barrows [York × Topigs 30 (Topigs, Helvoirt, The Netherlands)] with a BW of 27.1 ± 0.3 kg at the start of the study were individually housed in metabolism cages (1.5 by 0.6 m) at a room temperature of 22°C. Pigs were allocated, by equalizing mean BW between treatment groups and minimizing variation in BW among pigs within treatment groups, to either an increasing dietary Lys supply strategy [low to high (lH); n = 7] or a decreasing Lys supply strategy [high to low (Hl); n = 7] with total Lys levels varying from 0.36 to 1.06 g/MJ DE ( Fig. 1) . For a period of 12 d before the start of the study, pigs were adapted to housing conditions and experimental diets. For 9 d, pigs were fed a diet containing 0.72 g Lys/ MJ DE followed by 3 d, in which they were fed a diet with 0.36 (LH) or 1.06 g Lys/MJ DE (HL). Subsequently, a 28-d dose-response study was performed, in which Lys supply increased (LH) or decreased (HL) in 7 equidistant steps of 4 d each. The 7 Lys levels were created by mixing 2 basal diets (Table 1) with Lys levels of 0.36 and 1.06 g/MJ DE, respectively, in the appropriate ratios. The experimental diets were provided in mash form and mixed with water with a feed to water ratio of 1:3. Pigs were fed at 0730 and 1530 h in equal amounts at 2.5 times the energy requirements for maintenance [M; 458 kJ ME/ (kg BW 0.75 •d); ARC, 1981] . In Exp. 1, feed allowance was adjusted on the first day of each Lys supply level (i.e., every 4 d) based on BW at start of the dose-response period and an assumed BW gain of 450 g/d.
In Exp. 2, 20 barrows (Dutch Landrace × York) with a BW of 31.5 ± 0.5 kg at the start of the experiment were individually housed in metabolism cages (1.3 by 1.3 m) at a room temperature ranging between 20 and 25°C. Pigs were allocated, by distributing littermates and equalizing mean BW between treatment groups and minimizing variation in BW among pigs within treatment groups, to 1 of 2 treatment groups receiving a dietary energy supply of 2.2 × M [low energy (lE)] or 2.7 × M [high energy (HE)]. The HE treatment was created by providing additional maize starch to the dietary LE treatment (Table 2) . For a period of 12 d before the start of the experiment, pigs were adapted to housing conditions and experimental diets. For 9 d, pigs were fed a diet with 0.74 g Lys/MJ DE followed by 3 d, in which they were fed a diet with 1.10 g Lys/MJ DE. During the first 5 d of the adaptation period, pigs were fed at an intermediate energy supply of 2.45 × M. Pigs were fed according to their treatment from 7 d before the start of the measurements onward. Subsequently, a 27-d doseresponse study was performed, in which Lys supply decreased from 1.10 to 0.37 g Lys/MJ DE in 9 equidistant steps of 3 d each. The 9 Lys levels in the experimental diets were created by mixing 2 basal diets (Table 2) with Lys levels of 0.37 and 1.10 g/MJ DE, respectively, in the appropriate ratios. The experimental diets were provided in pelleted form and mixed with water with a feed to water ratio of 1:3. Pigs were fed at 0700, 1300, and 1900 h in equal amounts.
In both experiments, diets were formulated to be first limiting in Lys. The supply of other indispensable AA exceeded the estimated requirements for growing pigs of that BW (CVB, 1996; NRC, 1998) . Pigs were weighed at arrival and at the start and end of the dose-response pe- riod. In Exp. 2, pigs were weighed on the first day of each Lys level (i.e., every 3 d) to adjust their feed allowance, which was based on BW and expected BW gain (calculated from the mean daily BW gain over the preceding 6 d).
Urine Collection
Unpooled urine samples were collected quantitatively per 24 h over 4 subsequent days at each Lys level in Exp. 1 and over the last 2 d at each Lys level (d 2 and 3) in Exp. 2. Urine was collected via funnels, which were sprayed with an acetic acid buffer to prevent evaporation of NH 3 , into buckets containing sulfuric acid (9 N) for conservation. Feces were collected using plastic bags (15 by 25 cm) attached around the anus of the pigs using a Velcro support system (van Kleef et al., 1994 ) and disposed directly after each feeding. Urine was collected after the morning feeding and stored at -20°C pending analysis.
Whole Body Nitrogen Turnover
In Exp. 1, whole body N turnover was measured by the end-product method (Waterlow et al., 1978) . At 90 min after the morning feeding on d 3 of each Lys level, 300 mg [ 15 N]Gly (Isotec, Miamisburg, OH) was supplied with 100 g of feed, which was omitted from the morning feeding. The 48-h urine samples (of d 3 and 4 at each Lys level) were stored at -20°C pending measurement of 15 N enrichment in ammonia and urea. Background 15 N enrichment was determined in urine collected on d 2 at each Lys supply level.
Chemical Analyses
In Exp. 1, N in urine of each of the subsequent 4 d of each Lys level was analyzed using the Kjeldahl method. Urine of d 3 and 4 of each Lys level was pooled and analyzed for urea (colorimetric method; Human, Wiesbaden, Germany) and ammonia (colorimetric method, Berthelot reaction). The 15 N enrichment was measured in urinary urea and ammonia after combustion of isolated urea and ammonia by isotope ratio mass spectrometer (Finnigan MAT, Bremen, Germany). For urea, samples were deproteinized by adding 5 mL cold methanol and vortex mixed and stored at -20°C for 1 h. Samples were centrifuged at 4,500 × g for 20 min at 4°C and the supernatant was passed over a cation exchange column (Dowex 50WX8-200; Sigma Aldrich, St. Louis, MO) to separate urea from other N-containing components in urine. The column was washed with 40 mL of distilled water, and the eluent was evaporated using a rotary evaporator. One milliliter of distilled water was added to the residue and this solution was transferred into a 1.5 mL micro-centrifuge tube. The solution was freeze-dried and 100 μL of distilled water was added, mixed, and transferred into a tin capsule. After evaporation of water at 40°C, the capsules were combusted and analyzed for 15 N enrichment in urea. For ammonia, isolation was performed by microdiffusion (Conway, 1962) . After 24 h, the N from ammonia in the sulfuric acid solution was harvested, freeze-dried, combusted in tin capsules, and analyzed for 15 N enrichment. In Exp. 2, the concentration of urea plus ammonia in urine of d 2 and 3 of each Lys supply level was determined using a commercial enzymatic kit (UV method; R-Biopharm AG, Darmstadt, Germany). Diets were analyzed for N by the Kjeldahl method and crude protein was calculated (ISO, 2005a) . Diets were analyzed for AA by HPLC after hydrolysis in hydrochloric acid (ISO, 2005b) . In Exp. 2, starch content was determined enzymatically (NEN, 1992) . All analyses were performed in duplicate.
Calculations
Urinary N excretion, calculated as the sum of N in urea and ammonia, was expressed relative to N intake. A reduction in urinary N excretion relative to N intake indicates an improved N utilization for protein deposition.
Whole body N turnover was calculated using the formula (Waterlow et al., 1978 ) The arithmetic average of Q a and Q u was calculated for estimating whole body N turnover, assuming that partitioning of tracer over the 2 precursor compartments is similar (Fern et al., 1985) . Turnover values were expressed in grams per day. Whole body protein synthesis and breakdown were calculated assuming a steady state in the AA pool over the 48-h period (Waterlow et al., 1978; Waterlow, 2006) :
in which S is protein synthesis, E is urinary N excretion, B is protein breakdown, and I is N intake (all in g N/d).
Statistical Analyses
The pig was considered as the experimental unit. A linear-plateau model, as described by Koops and Grossman (1993) , was fitted to urinary N excretion data or whole body N turnover data across Lys supply levels for each pig:
in which Y is urinary N excretion in urea and ammonia (in % of N intake) or whole body N turnover (in g/d), X represents the Lys supply (in g/MJ DE in both experiments and also in g/d in Exp. 2), a represents the predicted urinary N excretion or N turnover at zero Lys supply, b represents the predicted rate of change for each unit of increase in Lys supply in the linear phase, c represents the transition point between the 2 phases, that is, the estimated Lys requirement, and s is a smoothness parameter for transition between the 2 phases of the model that was fixed at 0.01, resulting in a sharp transition. The urinary N excretion (% of intake) at the plateau was calculated as a + b × c. In addition, a linear model was fitted to data from urinary N excretion or whole body N turnover across Lys levels for each pig:
in which a represents the rate of change for each unit of increase in Lys supply and b the intercept, that is, urinary N excretion or N turnover at zero Lys supply. The nonlinear least squares regression procedure (PROC NLIN; SAS Inst. Inc., Cary, NC) was used for fitting models provided a better fit of data (P < 0.10) than the linear model [4] . If this was not the case, pigs were excluded from further analyses of N excretion data. Parameter estimates were analyzed by ANOVA with Lys supply strategy (Exp. 1) and energy supply strategy (Exp. 2) as fixed effects followed by LSD tests. In Exp. 1 the effect of urinary collection day (d 1, 2, 3, or 4) on urinary N excretion in the Lys limiting phase (linear phase before the breakpoint) was analyzed by a mixed model with collection day nested within dietary Lys level as repeated measures. The fixed effects included collection day nested within dietary Lys level, supply strategy, dietary Lys level, and the interaction between supply strategy and dietary Lys level and the interaction between supply strategy and collection day. Effects were analyzed by pairwise comparisons using Tukey-Kramer adjustment. The covariance structure was chosen based on the lowest value for the Akaike and Bayesian information criteria. In all analyses, the normality of the distribution of studentized residuals was assessed by the Shapiro-Wilk statistic. In Exp. 1, the slope parameters for N excretion and N turnover were transformed (logarithm and tangent, respectively) to obtain normal distribution of residuals. All statistical procedures were conducted in SAS. Values are presented as means ± SEM, and effects were considered significant at P ≤ 0.05.
rESUltS

Increasing versus Decreasing Lysine Supply (Experiment 1)
All pigs remained healthy during the experiment and feed refusals did not occur. The BW did not differ between treatments and averaged 27.1 ± 0.3 kg at the start and 43.9 ± 0.4 kg at the end of the experiment (n = 14).
The linear-plateau model [3] described the relationship between Lys supply (g/MJ DE) and urinary N excretion (% of intake) better (P < 0.10) than the linear model [4] in 11 out of 14 pigs. The estimated Lys requirement was 0.06 g/MJ DE greater (P = 0.01) for LH pigs than for HL pigs (Table 3 ). The strategy of Lys supply did not affect the other parameter estimates (i.e., intercept, slope, and plateau). The CV of the requirement estimate for Lys (g/MJ DE) was 4.9% for LH (n = 4) and 3.0% for HL (n = 7). The data and model estimates for individual pigs are presented in Supplemental Fig. 1 . The breakpoint represents the total Lys supply, at which the linear phase transits into the plateau phase (i.e., Lys requirement). The plateau represents the minimal urinary N excretion.
2 The slope was log-transformed to obtain normal distribution of residuals. 3 LH (low to high) = increasing Lys supply strategy; HL (high to low) = decreasing Lys supply strategy. Total Lys ranged from 0.36 to 1.06 g Lys/ MJ DE. Table 4 ]. The estimated protein synthesis and breakdown rates per Lys level are presented in Fig. 2 .
In the Lys limiting phase (linear phase before the breakpoint), urinary N excretion was different between the dietary total Lys levels (P < 0.001) but did not differ between collection days within each Lys level, and interactions between collection day and Lys supply strategy did not occur.
Low versus High Dietary Energy Supply (Experiment 2)
One LE pig was excluded from the experiment due to health problems and feed refusals. In 1 HE pig, the data at a Lys level of 1.10 g/MJ DE (i.e., the first 3 d of the experiment) were excluded due to feed refusals. The BW at the start of the experiment was similar between treatments (31.5 ± 0.5 kg; n = 19). At the end of the experiment, BW of LE pigs (46.6 ± 1.0 kg) was lower (P < 0.01) than that of HE pigs (52.5 ± 1.1 kg).
The linear-plateau model [3] described the relationship between Lys supply (g/d) and urinary N excretion (% of intake) better (P < 0.10) than the linear model [4] for all 19 pigs. The data and model estimates for individual pigs are presented in Supplemental Fig. 3 and 4 . The estimated Lys requirement was 2.6 g/d greater (P < 0.001) in HE pigs than LE pigs (Table 5 ) and the variation in estimated Lys requirement between individual pigs was numerically larger for LE (CV, 8.1%; n = 9) than for HE (CV, 6.0%; n = 10; Fig. 3 ). An increase in dietary energy supply by 0.5 × M decreased (P < 0.001) N excretion at the plateau with 8.6% points (Table 5) .
When expressing Lys intake relative to DE intake, the linear-plateau model [3] described the relationship between Lys supply (g/MJ DE) and urinary N excretion (% of intake) better (P < 0.10) than the linear model [4] in all 19 pigs. The estimated Lys requirement was 0.06 g/MJ DE lower (P = 0.01) in HE pigs than LE pigs, and urinary N excretion at the plateau decreased (P < 0.001) 8.6% points in HE pigs (Table 6 ). The incremental efficiency of N utilization for protein deposition, as indicated by the slope, increased 14.7% points (P < 0.05) in HE pigs than LE pigs (Table 6 ).
DISCUSSION
The results of Exp.1 showed that the rate of adaptation of protein metabolism to changes in AA supply is affected by the order, in which graded AA levels are tested (an increasing or a decreasing supply strategy). The HL pigs required less time to adapt to changes in dietary Lys supply than LH pigs. In addition, the Lys requirement estimate of LH pigs was greater than HL pigs. In Exp. 2, the dose response technique was proven to be accurate in estimating a quantitative change in the requirement of a limiting AA for protein deposition of individual mealfed pigs. In both experiments, diets were formulated to be first limiting in Lys and second limiting in energy.
Methodological Issues in Adaptation to a Different AA Supply
Metabolic adaptation to changes in AA supply includes changes in the rates of protein synthesis, protein breakdown, AA oxidation, and urea production. As mentioned before, Das and Waterlow (1974) have demonstrated that enzymes involved in the urea cycle (arginase, argininosuccinate lyase, argininosuccinate synthetase, Glu dehydrogenase, and Ala and Asp aminotransferases) adapt without lag time to a reduction in dietary protein level from 230 to 50 g/kg whereas a period of 6 h was required to adapt to an increase in dietary protein level from 50 to 230 g/kg. This indicates that metabolic adaptation to a decreasing protein supply is more rapid than to an increasing protein supply. Pigs also adapted more rapidly to a decreasing AA supply in the current study, with responses being measured in daily rather than hourly intervals. When the balance in dietary AA is restored by supplementing Lys, protein synthesis and breakdown rates increase, resulting in an increase in whole body N turnover rate (Salter et al., 1990; Rivera-Ferre et al., 2006) . During the Lys limiting phase in HL pigs, the observed increase in rates of protein synthesis, breakdown, and whole body N turnover with increasing Lys supply corresponded with results of Rivera-Ferre et al. (2006) . They found an increase in protein synthesis (+5.5 g N/kg 0.75 •d), protein breakdown (+4.0 g N/kg 0.75 •d), and whole body N turnover (+4.9 g N/kg 0.75 •d)/(g Lys/MJ DE) when increasing the dietary Lys supply from 0.31 to 0.91 g/MJ DE in pigs with a modern genotype. In contrast, the increase in protein synthesis, breakdown, and whole body N turnover in LH pigs in our study was 47, 40, and 33%, respectively, of those observed by Rivera-Ferre et al. (2006) .
Considering the findings on the estimated Lys requirement, if changes in each of the adaptation processes would occur without delay, HL and LH pigs would have identical Lys requirement estimates. In Exp. 1, however, the Lys requirement estimate of LH pigs was greater than HL pigs. The lower increment in protein synthesis, breakdown, and whole N turnover rates in LH pigs and the difference in estimated Lys requirement indicate that, especially, LH pigs require more time to metabolically adapt to changes in Lys supply than HL pigs. The indication that LH pigs required more time to adapt to changes in Lys supply than HL pigs would indicate that no equilibrium in N excretion was achieved in this group. The total N excretion in urine was, however, similar between collection days and between Lys supply strategy treatments, indicating that an equilibrium was achieved within 4 d. Considering the rather slow turnover rate of the urea pool, that is, a half life of about 5 h in growing pigs (Reeds et al., 1987) , a 4-d time period of adaptation seems sufficient. Plasma urea N reached a new equilibrium in 2 to 3 d after changing the level of dietary Lys from 0.60 or 0.90 to 0.75% or vice versa and thus independent of the direction of change (Coma et al., 1995) . Similarly to plasma urea N, urinary urea excretion reached a new equilibrium within 3 d after adding dietary protein or AA that were limiting protein deposition (Brown and Cline, 1974; Fuller et al., 1979) . Although in the present study, an equilibrium in the response variables may have been achieved after changing the dietary Lys supply, the estimated requirement estimate was still different between LH and HL pigs.
This stresses the importance of taking into account the direction of change in AA supply during any dose-response study. In some N-balance studies, the supply of the limiting AA was increased over time (Heger et al., 2008 (Heger et al., , 2009 ) whereas others have used AA titration studies applying random allocation to each AA level in time (Bertolo et al., 2005; Moehn et al., 2008) . Although random allocation may be favored from a statistical point of view, abrupt and large changes in AA supply will probably induce more pronounced changes in protein turnover and urea synthesis. As a consequence, a longer period of adaptation to each level of Lys supply (i.e., step length) would be required to reduce the error of measurement, prolonging the dose-response study. Therefore, a decreasing Lys supply strategy was preferred over an increasing Lys supply strategy in Exp. 2.
In the current studies, the Lys supply was gradually changed in small steps (0.12 g Lys/MJ DE per step in Exp. 1 and 0.09 g Lys/MJ DE per step in Exp. 2) so that abrupt changes in Lys supply were minimized, which would likely reduce the time required to adapt to new Lys levels. To increase the precision of the Lys requirement estimate, 9 Lys supply levels were used in Exp. 2. The length of each titration step (i.e., Lys level) was reduced from 4 to The breakpoint represents the total Lys (g/d), at which the linear phase transits into the plateau phase (i.e., Lys requirement). The plateau represents the minimal urinary N excretion (% of N intake).
2 LE = low dietary energy supply (2.2 × maintenance) from 32 to 47 kg BW; HE = high dietary energy supply (2.7 × maintenance) from 32 to 53 kg BW. 3 d to reduce the length of the experimental period. As illustrated by the low CV of the Lys requirement estimates in Exp. 1 (4.9% in LH pigs and 3.0% in HL pigs) and 2 (8.1% in LE pigs and 6.0% in HE pigs), these procedures allowed us to establish high precision estimates of changes in Lys requirements in individual pigs.
The linear-plateau model [3] described the data better than the linear model [4] in 79% (Exp. 1) and 100% (Exp. 2) of the pigs, allowing estimation of Lys requirement values (i.e., at the inflection point). It should be realized, however, that exclusion of pigs with a poor fit with the linear-plateau model [3] may have led to underestimation of the Lys requirement for that particular treatment. A poor fit indicates that the inflection point was not achieved within the range of Lys supply or that the transition from a decrease in urinary N excretion to a plateau occurred at 1 of the greatest levels of Lys supply. Care should, therefore, be taken in excluding pigs from the experiment or, preferably, in determining the range of AA levels to be tested in such titration studies. For future studies, we suggest to include at least 7 and preferably 9 AA levels, equally spaced around the expected requirement values.
In conclusion, our results demonstrated that a decreasing rather than an increasing Lys supply strategy with 7 to 9 Lys levels surrounding the expected requirement value is preferred to estimate (changes in) Lys requirements of individual meal-fed growing pigs. Similar approaches can be used for other indispensable AA.
Accuracy: Effect of Dietary Energy Supply
In Exp. 2, the accuracy of the dose-response technique to determine a shift in Lys requirement for individual pigs was assessed by creating a contrast in dietary energy supply. This approach has been well established to increase protein deposition, provided that the maximum rate of protein deposition has not been reached and that other indispensable AA or other nutrients are not limiting the rate of protein deposition (Campbell et al., 1984; Bikker et al., 1994) . A previous study in growing pigs (Bikker et al., 1994) reported that Lys requirements increased by 1.9 g/d when increasing the dietary energy supply from 2.5 to 3.0 × M. In addition, an increase in Lys requirement of 2.2 g/d (from 10.2 to 12.4 g/d) was predicted for this contrast in dietary energy supply by using a simulation model for growing pigs (van Milgen et al., 2008) . According to NRC (2012) (Susenbeth, 1995; NRC, 2012) . The simple AA dose-response technique can be successfully adopted to quantify a change in the AA requirements of growing pigs, as induced by these factors.
In Exp. 2, increasing the dietary energy supply by 0.5 × M decreased the Lys requirement from 0.78 to 0.72 g Lys/MJ DE, increased the incremental efficiency of Lys utilization for protein deposition from 60.5 to 70.5% and increased the maximum efficiency from 69.6 to 78.2%. A decrease in Lys requirement (-0.03 g/MJ DE) with increasing energy supply (+ 0.5 × M) has been reported in pigs of 15 kg BW but not in pigs of 20 and 25 kg BW (Urynek and Buraczewska, 2003) . In that study, the average feeding level increased with BW (15 kg: 3.0 × M, 20 kg: 3.3 × M, and 25 kg: 3.5 × M), indicating that the reduction in Lys requirement with greater dietary energy supply may be more pronounced at lower feeding levels. In growing pigs, the ratio between lipid and protein deposition increases from 0.55 to 0.77 g/g with 0.5 × M extra energy intake (Bikker et al., 1994) . This may have contributed to the reduced Lys requirement with greater dietary energy supply in the present study, that is, a greater incremental deposition of lipids than of proteins. At a greater energy intake the maintenance requirements are proportionally more diluted because of a greater increase in requirements for protein deposition. As the requirement for Lys to energy ratio for protein deposition is greater than that for maintenance (NRC, 2012) , an increase in the requirement for Lys to energy ratio because of the dilution effect will probably be more pronounced at greater energy intake levels. These opposing effects (increased lipid to protein deposition and "dilution" of the requirement for maintenance) could explain The intercept represents the urinary N excretion at zero Lys supply. The slope represents the increment in urinary N excretion [% of N intake/(g Lys/ MJ DE)]. The breakpoint represents the total Lys supply, at which the linear phase transits into the plateau phase (i.e., Lys requirement). The plateau represents the minimal urinary N excretion.
2 LE = low dietary energy supply (2.2 × maintenance) from 32 to 47 kg BW; HE = high dietary energy supply (2.7 × maintenance) from 32 to 53 kg BW.
the lower Lys requirement value relative to energy intake at lower feeding levels in the study of Urynek and Buraczewska (2003) and the absence of an effect in the study of Bikker et al. (1994) at a greater feeding level than in the current study.
In conclusion, the present studies demonstrated that a dose-response technique with urinary N excretion as response variable with a low number of pigs per treatment (n = 4 to 10) provides a simple, accurate technique to estimate a quantitative change in the requirement of a limiting AA for protein deposition of individually mealfed pigs. Potential applications of this technique include the quantification of effects of various factors, such as health status and genotype, on changes in AA requirements of pigs. Moreover, by estimating the requirement per individual pig, this technique also provides information on the variation between pigs, which could be adopted in future feeding strategies or breeding programs.
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